A technique is described by which both oxygen and nitrate (or nitrite or chlorate) levels were continuously monitored during bacterial respiration. Paracoccus (Micrococcus) denitrijkans and Escherichia coli oxidizing succinate rapidly ceased to reduce nitrate when oxygen was available, and equally rapidly commenced nitrate reduction when all the oxygen had been consumed. By contrast, membrane vesicles isolated from P. denitrijicans reduced oxygen and nitrate simultaneously. The respiratory nitrate reductase in intact cells of P. denitrijicans appeared to be inaccessible to chlorate present in the reaction medium, and it is suggested that the nitrate reductase is orientated on the plasma membrane so that nitrate gains access from the inner (cytosolic) face.
KNO,, 10.1; and sodium succinate.6H20, 13.5. The pH was adjusted to 6.8 with H,S04. The growth conditions were as described for P. denitr8cans.
In experiments using intact bacteria, cultures of P. denitrijicans and E. coli at the midexponential and:stationary phases, respectively, were harvested by centrifuging at 5000g for 30 min at o to 4 "C, washed twice in 200 mM-sucrose containing 10 mM-Tris/HCl (pH 8.0) at o to 4 "C, and then suspended to a final concentration of 20 to 80 mg dry wt ml-l in 200 mM-sucrose containing 10 mM-Tris/HCI (pH 8.0) at o to 4 "C. Membrane vesicles were prepared from P. denitriJicans as described by Burnell et al. (I975) , except that 10 mM-ATP (pH 7.0) was included in the IOO mM-Tris/acetate buffer in which the lysozyme-treated cells were resuspended.
Simultaneous determinations of oxygen and nitrate (or nitrite or chlorate). Changes in the concentrations of oxygen and nitrate were measured simultaneously in a 50 ml reaction vessel equipped with a Clark-type oxygen electrode and a liquid membrane nitrate electrode (model 92-07 ; Orion Research, Cambridge, Massachusetts, U.S.A.). The changes were recorded continuously on a twin-channel, potentiometric iecorder (Servoscribe 2 ; Smiths Industries, Wembley, Middlesex). The oxygen electrode was constructed by Mr M. J. Fowler of the Biochemistry Department, Bristol University. The concentration of oxygen in air-saturated water at 30 "C was taken to be 0.47 pg-atom ml-l (Kaye & Laby, 1966) .
Under the appropriate conditions (see below) the nitrate electrode could also be used to measure nitrite or chlorate.
The potential developed by the nitrate electrode was measured against a double junction reference electrode (model 90-02; Orion Research) using a pH meter (model 292; Pye Unicam) set on the mV mode, and connected in parallel with a IOO Q resistor to one channel of the recorder. The reaction chamber was constructed of Perspex. It was maintained at 30 "C by a jacket of circulating water and was closed from the atmosphere except for a hole of I mm diarn. through which additions could be made with a syringe. To minimize 'noise' due to static electricity, the exposed parts of the nitrate electrode and its reference electrode were covered in aluminium foil, and all the electrodes and the reaction chamber were treated with gramophone record antistatic agent. The noise level tolerated did not exceed I % of a full-s cale deflexion. The reaction mixture was stirred magnetically.
Protein was determined by the method of Lowry et al. (1951) with bovine serum albumin as standard.
Reagents. Gramicidin D and all enzymes and coenzymes were purchased from Sigma. All other reagents were of analytical grade.
R E S U L T S A N D DISCUSSION
Response of the nitrate electrode to nitrate, nitrite, chlorate and chlorite The nitrate electrode was used to measure the concentration of nitrate, nitrite or chlorate when these anions were added singly as terminal electron acceptors. However, measurements of nitrate reduction were not affected significantly by the nitrite which accumulated in the absence of concurrent nitrite reduction, nor were measurements of chlorate reduction affected significantly by the accumulation of chlorite. Intact bacteria or membrane vesicles were allowed to reduce nitrate, nitrite or chlorate from an initial concentration of 5 mM to a final concentration of approximately 4 mM. This concentration change was arranged to give almost full-scale deflexion of the recorder.
The nitrate electrode could be used to monitor changes in the concentration of nitrate (Fig. I a) , nitrite (Fig. I c) , chlorate (Fig. I e) and chlorite (Fig. ~g ) .
The sensitivity of the electrode to these anions is given by the slopes of the graphs in Fig. I and was in the order: NO3-= C103-> NO2-> C102-. In the presence of 5 mwnitrate, the electrode response to increasing concentrations of nitrite was negligible (Fig. I d) . Similarly, in the presence of 5 mmchlorate, the electrode response to increasing concentrations of chlorite was negligible (Fig. I h) . The fortunate consequence of this selectivity of the nitrate electrode for nitrate over nitrite and for chlorate over chlorite was that accumulating nitrite (or chlorite) did not interfere with measurements of nitrate (or chlorate) reduction, while the electrode was sufficiently sensitive to nitrite for measurements of nitrite reduction to be made in the absence of nitrate.
Although the nitrate electrode responded exponentially to linear changes in the concentrations of nitrate, nitrite or chlorate ( Fig. I ), a maximum error of only 5 % was incurred by assuming a linear response over the limited concentration range employed (5 mM decreasing to 4 mM). To ensure that changes during the course of the reaction, and additions to the reaction mixture, did not interfere with the response of the nitrate electrode, calibrating additions of nitrate, nitrite or chlorate were made before and after the reaction, as shown in Fig. 2 . Utilization of nitrate and nitrite by P . denitrificans When intact cells of P. denitriJcans here added to an aerobic medium containing nitrate, they utilized oxygen but did not utilize nitrate until all the oxygen present had been used up, at which time nitrate reduction commenced (Fig. 2) . When oxygen was reintroduced into the medium, nitrate reduction ceased immediately and oxygen again became the sole terminal electron acceptor utilized. The inhibitory effect of oxygen on nitrate reduction could be shown repeatedly (Fig. 2) . The initial, rapid deflexion of the recorder pen when the bacteria , 10 mM-sodium succinate, 4 mM-NaNO, and 5 pl catalase (Sigma C-100) were added 50 pl I M-NaNO,, 2 ml cell suspension (containing 96 mg dry wt bacteria) and H 2 0 2 as indicated. The rates of reduction given alongside the traces are expressed in pug-atom oxygen s-l (g dry wt)-' (---) and pmol nitrate s-l (g dry wt1-l (-). were added to the reaction medium (as seen in Fig. 2 and subsequent nitrate electrode traces) is due largely to the dilution of the nitrate by the cell suspension. The rate of oxygen uptake was unaffected by an addition of 5 mM-NaNO, to bacteria respiring in the absence of nitrate (other conditions as in Fig. 2) .
Samples of the reaction mixture assayed for nitrite colorirnetrically by the Griess-Ilosvay reaction (John & Whatley, 1970) showed that less than 10 % of the nitrate reduced was recoverable as nitrite. Thus more than 90 % of the nitrate reduced by P. denitrzjicans under conditions similar to those described for Fig. 2 was reduced further than nitrite. During nitrate reduction there was, therefore, a similar rate of nitrite reduction. The nitrite reductase of P. denitrijicans appears to accept reducing equivalents from the aerobic respiratory chain (see John & Whatley, 1975) in the region of the c-type cytochromes (Newton, 1969; Lam & Nicholas, 1969) . Although the c-type cytochromes may be oxidized either by oxygen via cytochrome oxidase, or by nitrite via the nitrite reductase, nitrate reduction ceases only when oxygen is the terminal electron acceptor; nitrite and nitrate reduction can occur simultaneously. When nitrite (5 mM) was present in the reaction medium instead of nitrate (other conditions as in Fig. 2) , nitrite reduction [3 to 4 pmol s-l (g dry wt)-l] was observed only when the reaction medium was depleted of oxygen.
Membrane vesicles prepared from the plasma membrane of P. denitrijicons broken by osmotic lysis retain the ability to reduce oxygen and nitrate, but are unable to reduce nitrite, presumably because the nitrite reductase is lost from the membranes during their isolation (John & Whatley, 1970) . When these membrane vesicles were added to an aerobic medium containing nitrate, they utilized both oxygen and nitrate simultaneously and when oxygen In (a) 10 m-sodium succinate was included as substrate, and 2.5 ml cell suspension (containing 215 mg dry wt bacteria) was added. In (b) 10 mM-sodium formate was included as substrate, and 0.5 ml cell suspension (containing 43 mg dry wt bacteria) was added. The rates of reduction given alongside the traces are expressed in pg-atom oxygen s-I (g dry wt)-l (---) and pmol nitrate s-l (g dry wt)-l (-). (-1-was no longer available there was little acceleration in the rate of nitrate reduction (Fig. 3) .
Addition of nitrate to the membrane vesicles decreased the rate of oxygen uptake by 50 %.
A subsequent addition of azide ( I O O~M ) , a potent inhibitor of the nitrate reductase in P. denitrijicans (Forget, 1971) , abolished nitrate reduction and resulted in a rate of oxygen uptake similar to that observed in the absence of nitrate. Thus, in intact cells of P. denitrijicans, reducing equivalents are directed preferentially to oxygen, while in membrane vesicles reducing equivalents are distributed equally to oxygen and nitrate. The reason for this difference between the intact cells and the membrane vesicles is not yet known. Utilization of nitrate by E. coli With succinate as substrate, E. coli behaved like P. denitr@cans, with nitrate respiration ceasing when oxygen was introduced into the medium and equally rapidly recommencing when the reaction medium became depleted of oxygen (Fig. 4a) . By contrast, with formate as substrate, an appreciable rate of nitrate reduction was observed in the presence of oxygen, albeit at a slower rate than that observed in the absence of oxygen (Fig. 4b) . The rate of oxygen uptake with formate was however 10 times faster than with succinate (Fig. 4) . Thus the unusual aerobic nitrate reduction by the E. coli oxidizing formate may be due to a spillover of reducing equivalents from the reduced quinone to the nitrate reductase.
Utilization of chlorate by P. denitrijicans
The nitrate reductase isolated from P. denitrzjicans, like that from other bacteria, can reduce chlorate as effectively as nitrate (Forget, 1971) . Generally, when chlorate is added to anaerobic cultures of bacteria able to reduce nitrate, the chlorate is reduced to the toxic chlorite by the nitrate reductase. Thus only those mutants unable to reduce nitrate are resistant to chlorate (see Payne, 1973) . However intact cells of P. denitrijicans unexpectedly reduced chlorate only one tenth as fast as they reduced nitrate (Fig. 5a ), though addition of Triton X-IOO (Fig. 5a) gave an even higher rate of chlorate reduction than the rate of nitrate reduction (Fig. 5 b) . Additions of Triton X-100 inhibited nitrate reduction slightly (Fig. 5 b) and nitrite reduction severely.
When intact cells were added to a medium containing 4-5 mM-chlorate and 0.5 mMnitrate, all of the nitrate was reduced (under anaerobic conditions), but little reduction of the residual chlorate occurred until Triton X-100 was added (Fig. 6) .
In contrast to intact cells, membrane vesicles of P. denitrijicans reduced chlorate and nitrate at similar rates, with either succinate or NADH as substrate (Table I ). The preparations of membrane vesicles used in the present study have been shown previously (Burnell et al., 1975) to consist predominantly of 'inside-out' membrane vesicles, in which the orientation of the vesicle membrane is the reverse of that of the plasma membrane in the intact cell. The simplest explanation for the observation that intact cells could not reduce chlorate, while inside-out membrane vesicles could, requires (i) that the nitrate reductase is orientated in the plasma membrane so that nitrate approaches the nitrate reductase from the cell cytosol, (ii) that a nitrate carrier permits nitrate entry across the plasma membrane, and (iii) that this carrier is unable to transport chlorate. Triton X-100 presumably destroys the integrity of the plasma membrane of intact cells and thus enables chlorate to gain access to the nitrate reductase whereas both nitrate and chlorate gain free access to the nitrate reductase externally orientated in the membrane of the inside-out vesicles. An internal orientation of the nitrate reductase in P. denitriJcan.s is compatible with the previous observation of oxidative phosphorylation and ' respiratory control ' associated with nitrate reduction by inside-out vesicles of P. denitrijicans (John & Whatley, 1970) . However, there is as yet no direct evidence of the sort provided by lactoperoxidase-catalysed iodination for the orientation of the nitrate reductase molecule, nor is there direct evidence for the presence of a nitrate carrier. By contrast, for E. coli there is a considerable body of evidence to indicate (i) that the nitrate reductase complex spans the plasma membrane in such a way that nitrate approaches the enzyme directly from the external medium, and (ii) that a nitrate carrier is absent (Kemp, Haddock & Garland, 1975; Garland, Downie & Haddock, 1975; Boxer & C h g 7 1975) -I wish to thank Professor F. R. Whatley for his interest in the work and for critical comments on the manuscript. Financial support was provided by the Science Research Council.
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